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Abstract. 

Context The morphology of massive star formation in the central regions of galaxies is an important tracer of the dynamical 
processes that govern the evolution of disk, bulge, and nuclear activity. 

Aims We present optical imaging of the central regions of a sample of 73 spiral galaxies in the Ho- line and in optical broad 
bands, and derive information on the morphology of massive star formation. 

Methods We obtained images with the William Herschel Telescope, mostly at a spatial resolution of below one second of arc. 
For most galaxies, no Ha imaging is available in the literature. We outline the observing and data reduction procedures, list 
basic properties, and present the /-band and continuum-subtracted Ha images. We classify the morphology of the nuclear and 
circumnuclear Ha emission and explore trends with host galaxy parameters. 

Results We confirm that late-type galaxies have a patchy circumnuclear appearance in Ha, and that nuclear rings occur pri- 
marily in spiral types Sa-Sbc. We identify a number of previously unknown nuclear rings, and confirm that nuclear rings are 
predominantly hosted by barred galaxies. 

Conclusions Other than in stimulating nuclear rings, bars do not influence the relative strength of the nuclear Ha peak, nor 
the circumnuclear Ha morphology. Even though our selection criteria led to an over-abundance of galaxies with close massive 
companions, we do not find any significant influence of the presence or absence of a close companion on the relative strength 
of the nuclear Ha peak, nor on the Ha morphology around the nucleus. 
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1. Introduction 

Enhanced nuclear activity in disk galaxies, in starburst or AGN 
form, appears to be an integral part of their evolution. Both 
forms of activity have been observed to co-exist (e.g., Heckman 
et al. 1997) and are a clear manifestation of the symbiotic evo- 
lution of galactic centres and their host galaxies. The observed 
tight correlation between the masses of the central black holes 
and the velocity dispersions in the surrounding bulges (e.g., re- 
view by Ferrarese & Ford 2005) provides the most direct evi- 
dence for this evolution and yields important clues on the dy- 
namics, structure, and evolution of galaxies. 

To initiate and to maintain the AGN or nuclear starburst ac- 
tivity, gas inflow must be stimulated from the disk to the central 
regions — a process which must be accompanied by a sub- 
stantial loss of angular momentum in the gas. Theoretically, 
this leads to the suggestion that gravitational torques acting 
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through galactic bars or galaxy interactions are involved. Due 
to the asymmetric nature of their mass distribution, they can 
facilitate the loss of angular momentum in inflowing material 
(e.g., Shlosman, Begelman & Frank 1990; Athanassoula 1994; 
Combes 2001). Observationally, statistical links between bars 
and interactions on the one hand and the occuiTence of star- 
burst and AGN activity on the other are clear in certain circum- 
stances (e.g., extreme starbursts and interactions), barely sig- 
nificant in others (e.g., low-L AGN and bars; low-L starbursts 
and interactions), and absent in the case of low-L AGN and 
interactions (e.g., review by Knapen 2004). 

Massive SF can be convincingly traced by the accompany- 
ing Ha emission and is very easily observed with standard tele- 
scopes and cameras (Kennicutt 1998). Via is mainly produced 
in the H ii regions surrounding massive B and O stars, although 
shocks and non-stellar activity can also lead to Ha emission. In 
the images of the 73 galaxies analysed here, we study the mor- 
phology of the Ha emission in the circumnuclear, two kpc ra- 
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dius regions, as well as from the nucleus per se. The circumnu- 
clear area as chosen is large enough to incorporate most nuclear 
rings. This kind of circumnuclear, low-L starbursts are found 
in around one fifth of spiral galaxies (Knapen 2005, hereafter 
K05), and characterise the dynamics of the host galaxy and its 
stellar bar (e.g., Buta & Combes 1996; K05). 

We present our galaxy sample in Sect. 2, and describe 
the observations and data reduction procedures in Sect. 3. 
The nuclear and circumnuclear Via morphology is analysed in 
Sections 4 and 5, and relations to host galaxy properties, such 
as the presence of bars and nuclear activity, the morphological 
type, and the presence of companion galaxies, is discussed in 
Sect. 6. Section 7 lists our main conclusions. In a subsequent 
Paper II (L. M. Mazzuca et al., in preparation) we will further 
investigate the morphology and stellar ages in the 22 nuclear 
rings which we have identified in the course of this study. 

2. Sample selection and parameters 

For this study, we selected galaxies with some prior evidence 
for Ha structure in their central regions, either from the lit- 
erature or from our own unpublished work. Since one of the 
aims of the current study is to identify nuclear rings, we have 
included a number of galaxies with known nuclear or inner 
rings, some of which have also been described in the works 
by Pogge (1989a, b), Buta & Crocker (1993), or K05. The ob- 
served sample is therefore not complete and any results must 
be interpreted with the appropriate care. For instance, the sam- 
ple selection procedure will not allow a determination of the 
fraction of, say, nuclear rings in spiral galaxies. 

The final sample, as observed by us with the William 
Herschel Telescope (WHT), consists of 73 galaxies spanning 
a range in many basic parameters, for which we obtained Ha, 
B and / imaging (see next Section for details). The galaxy sam- 
ple is presented in Table^] which also lists a number of impor- 
tant observational parameters as obtained from the literature. 
From the RC3 (de Vaucouleurs et al. 1991) we obtained the 
morphological type (column 2 in Table 0, the apparent major 
isophotal diameter measured at or reduced to surface brightness 
level yUfi - 25.0B-mag arcsec"^, D25 (in arcmin, col. 4), and 
the inclination and major axis position angle (in degrees, col. 5 
and 6). From the NASA/IPAC extragalactic database (NED) 
we obtained a descriptor of the nuclear activity of the galaxy, 
for which we will distinguish between the four main categories 
Seyfert, LINER, starburst or Hii, and none (col. 2). The reces- 
sion velocity (in km s ' , col. 7) was obtained from the RC3 for 
most galaxies, but from the NED for those where the RC3 does 
not list a value. 

The distance D to a galaxy (in Mpc, col. 8) was taken from 
the Nearby Galaxies Catalog (TuUy 1988) whenever a value 
was given there; if not, we derived it from the recession veloc- 
ity assuming a Hubble constant of Hq - 75kms"' Mpc"'. We 
used the distance to derive the image scale, in parsec per arcsec 
(col. 10). The absolute blue magnitude (Mb, col. 11) was taken 
from Tully (1988), or derived from the distance where a galaxy 
is not included in the Tully (1988) catalogue. As an indicator 
of bar strength, we list the gravitational bar torque parameter 
Qb (col. 12), as obtained from various papers (see caption to 



Table □ for details and Buta & Block 2001 and Block et al. 
2004 for a description of 2b)- 

Finally, we list in Table[0(col. 16) whether a galaxy has a 
close companion or not. The criterion for classifying a sample 
galaxy as having such a companion is that it must have at least 
one neighbouring galaxy within a radius of five times the diam- 
eter of the galaxy under consideration, or rcomp < 5 XD25, where 
D25 is listed in column 2 of Tabled Any companion must also 
have a recession velocity within a range of +200 km s"' of the 
sample galaxy, and be not more than three magnitudes fainter 
These criteria have evolved from those used by Schmitt (2001), 
Laine et al. (2002) and K05, and ensure that companion galax- 
ies are not only nearby, but also massive enough to have a gravi- 
tational impact on the sample galaxy. The search for qualifying 
neighbouring galaxies was performed using the "near name" 
search option in the NED. 

We find that 26 of our 73 galaxies have a close compan- 
ion (36%). This is a rather high number, no doubt influenced 
by the fact that we have been selecting galaxies with previous 
evidence for "interesting" structure in their central regions, and 
also by the fact that our sample spans a considerable range in 
distance. In comparison, only 48 (15%) out of the 327 galax- 
ies which comprise the statistically complete sample of local 
galaxies in the HaGS (Ha Galaxy Survey, James et al. 2004) 
show a close companion under the same criteria as used here 
(J. H. Knapen & P. A. James, in preparation). 

3. Observations and data reduction 

All the imaging presented in this paper has been obtained using 
the Auxiliary Port (Aux Port) camera on the 4.2m WHT, oper- 
ated by the Isaac Newton Group in La Palma. The bulk of the 
imaging was obtained during a total of four observing nights 
granted by the UK time allocation panel (1999 September 16 
and 17, and 2000 July 25 and 26), with additional imaging ob- 
tained in service mode during a number of nights in 1999 and 
2000. We also used images of a few galaxies (e.g., NGC 4314 
and NGC 4321) obtained by one of us (JHK) during earlier ob- 
serving runs with the WHT. The images of NGC 4321 have 
been published before by Knapen et al. (1995a,b). 

The Aux Port camera is a small optical camera without any 
re-imaging optics located at a dedicated folded cassegrain fo- 
cus of the WHT. Its small pixel scale (0.11 arcsec/pixel) com- 
bined with a 1024x1024 pixel TEK CCD and round filters 
yields a circular field of view (FOV) of about 1.8 arcmin in di- 
ameter. We used Harris B and / filters, and one of the narrow- 
band filters 6570/55, 6594/44, 6607/50, 6626/44 or 6656/44, 
depending on the systemic velocity of the galaxy, where the 
numbers denote /l/A/l, or the central wavelength of transmis- 
sion and the width of the transmission curve, both in A. We 
used typical exposure times of 1, 3, and 10 minutes in / and 
B, and Ha, respectively. Atmospheric conditions were good in 
general, and the resulting spatial resolution as measured from 
the reduced images is around 0.8 arcsec in the Ha and /-band 
images, and around 1.0 arcsec in B. 

The data reduction process followed basic procedures for 
bias subtraction and flat fielding using twilight sky flat fields. 
Image registration was done by measuring the positions of fore- 
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Table 1. Global parameters of the galaxies in the observed sample, obtained from the RC3 unless otherwise indicated. Galaxies 
are listed in order of increasing RA. Tabulated are the identification number of the sample galaxies (all are NGC numbers except 
IC 1438 (col. 1); the morphological type (col. 2); nuclear activity class (from NED; col. 3); D25, the apparent major isophotal 
diameter measured at or reduced to surface brightness level /ib - 25.0B-mag arcsec"^(col. 4); inclination ; as derived from the 
ratio of the major to the minor isophotal diameter (col. 5); position angle PA of the disk (col. 6); mean heliocentric radial velocity 
V, in a few cases obtained from NED (col. 7); distance D in Mpc (col. 8); reference for D, where 1 is v from col. 7 and assuming 
a Hubble constant of Hq = 75km s~^ Mpc"', 2 is the Nearby Galaxies Catalog (Tully 1988; col. 9); image scale in parsec per 
arcsec, as derived from the distance (col. 10); absolute blue magnitude, taken from Tully (1988) whenever possible, otherwise 
derived from (from the RC3) and the distance (col. 1 1); gravitational bar torque Qb (col. 12); reference for Qb (col. 13), where 
3 is Laurikainen & Salo (2002), 4 is Block et al. (2001), 5 is Buta & Block (2001), 6 is Block et al. (2004), 7 is Laurikainen et al. 
(2004), 8 is Buta et al. (2005). An average is given when more than one measure is available in the literature, except where a value 
is available from Block et al. (2004) or Buta et al. (2005), which are given without taking earlier determinations into account; 
morphological classification of the nuclear (col. 14; where 'N' means no emission, 'W weak, 'S' strong, and 'P' position; see 
Sect. 4.1) and circumnuclear Ha emission (col. 15; 'D' means diffuse, 'P' patchy, 'N' none, 'R' ring; see Sect. 5.1), and whether 
a galaxy is classed as having a close companion ('Y') or not ('N'; col. 16; see Sect. 2). 
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N 
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1 
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-20.93 






s 


P 


Y 



Table 1. Continued. 



ground stars where available, and the centre of the galaxy in all 
cases. For the subtraction of the continuum from the Ha images 
we used the /-band images. We determined the scaling factor 
by applying the procedure described by Boker et al. (1999) to 
all individual sets of Ha -1- / images. This method uses the fact 
that most pixels in any set of two registered images of a galaxy 
will show continuum emission, whereas only a minority show 
continuum plus Une emission. When plotting all individual pix- 
els, those tracing the continuum wiU scatter along a narrow, 
well-defined band, the slope of which denotes the scaling fac- 
tor to be used for the continuum subtraction. Pixels containing 
Ho; emission wiU end up above this band (assuming that Ha 
intensity is plotted as the ordinate). We refer the reader to the 
papers by Boker et al. (1999) and Knapen et al. (2004a) for 
a more detailed description. Knapen et al. (2004a) discuss the 
uncertainties introduced by using 7-band imaging for contin- 
uum subtraction, and conclude that the resulting errors in the 
luminosities of Hn regions are smaller than some 5%, and that 
the resulting Ha morphology is reliable. 



The /-band and continuum- subtracted Ha images of all 
sample galaxies are shown in Fig. 1 (published electronically). 
The B-band images (not shown here) generally outUne a mor- 
phology similar to that shown in Ha, though less pronounced 
in showing the star forming regions. 



4. Ha morphology: Methodology and limitations 

4.1. Nuclear Ha emission 

We have chosen to limit the classification of the nuclear Ha 
morphology to three categories: strong, weak, and none. This is 
mainly because of the uncertainties in the continuum subtrac- 
tion using /-band images in the very centres of our galaxies, 
where differential dust extinction can play a more prominent 
role than in the disk (Knapen et al. 2004a). These classifica- 
tions apply to the central point source — in practise the nuclear 
region of one seeing element in size. The exact position of the 
nucleus in a galaxy was determined from the /-band image. 
To qualify as a strong Ha source, a nuclear point source must 
be more luminous than any other Ha-emitting region in the 
galaxy. To quaUfy as weak, a nuclear Ha peak must be present 
but stronger peaks are found outside the nucleus. Obviously, 
our category "none" describes those cases where no believable 
Ha emission can be observed from the nucleus. In one case 
(that of NGC 7741) we could not pinpoint the location of the 
nucleus (not even using the near-IR image from Knapen et al. 
2003), and this galaxy is thus not included in the following dis- 
cussion. 

4.2. Circumnuclear i-ia morphoiogy 

For the purpose of this paper, we consider the morphology of 
the Ha emission in the circunmuclear region as that arising 
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from outside the nucleus and within a radius of 2.0 kpc from 
the nucleus of the galaxy. The range in distances to our sample 
galaxies, from 5 to 74 Mpc (Table[0, implies that this 2 kpc ra- 
dius corresponds to a range of linear sizes in our images, vary- 
ing roughly from 77 arcsec to 6 arcsec. The Ha morphology 
was classified by visual inspection of the images within the ap- 
propriate radial area independently by two of the co-authors of 
this paper 

We used a minimal number of different morphological 
classes, following the scheme introduced by K05. The main 
categories are, first, "none", where obviously no Ha emission 
is detected in the circumnuclear region (there will usually be 
emission from the nucleus). Second, "patchy", where individ- 
ual and clearly delimited patches of Ha emission are detected, 
tracing individual H ii regions, but not in an obvious ring pat- 
tern. The "patchy" class includes galaxies where the circumnu- 
clear H II regions form a spiral pattern, but because such a pat- 
tern is hard to classify simply and unambiguously, we have not 
explicitly classified such cases as spiral. Third, "ring", which 
denotes Ha emission organised into a well-defined nuclear 
ring. In three galaxies, circumnuclear Ha is detected which 
is not confined to individual patches, and these three galaxies 
have been classified "diffuse". The classifications are given in 
Tableffl 

Of the 22 nuclear ring galaxies reported here, to the extent 
of our knowledge five have not been reported as nuclear ring 
hosts in the literature. These newly identified nuclear rings are 
those in NGC 473, NGC 5905, NGC 5953, NGC 7570, and 
NGC 7716. 

The classification scheme used here is rather coarse, but 
we believe that it offers a good compromise between the need 
for classification and the enormous variety encountered in the 
detailed Ha morphology from galaxy to galaxy. This variety is 
no doubt partly due to the nature of Ha emission - originating in 
regions of massive star formation whose ionised gas emission 
will show a strong time evolution. 

We will not discuss the fractions of galaxies in our sample 
which show patchy, ring-shaped, or no Ha emission, because 
the selection criteria of our sample imply that any conclusions 
from such a discussion would have no wider significance. This 
is in contrast to the study of K05, where the selection of a statis- 
tically meaningful sample leads, for instance, to the result that 
one of every five spiral galaxies has a nuclear ring. What the 
current sample can be used for, except of course for selecting 
sub-samples of specific interest, or for referring to individual 
objects, is an analysis of how a certain circumnuclear Ha mor- 
phology is distributed with respect to host galaxy parameters 
such as morphological class or presence of a bar, provided that 
reference is made to the distribution of such parameters across 
the whole sample under consideration (next Section). 

5. Ha morphology and host galaxy parameters 

5.1. Overall results 

The results on the overall distribution of the different Ha mor- 
phology classes are summarised in Table |3 Strong nuclear 
emission is found in 44 of our 73 sample galaxies, while 10 
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73 
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23.9 


-20.4 
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Nuclear emission 








Strong 


44 


3.9 


23.8 


-20.6 


0.16 


32+7% 


68±7% 


Weak 


10 


3.4 


24.5 


-20.1 


0.19 


40±15% 


60±15% 


None 


18 


3.0 


31.0 


-20.1 


0.21 


44±12% 


56+12% 






Circumnuclear emission 








Patchy 


39 


3.5 


22.8 


-20.2 


0.19 


36±8% 


64±8% 


None 


9 


4.3 


26.6 


-21.0 


0.14 


22±14% 


78±14% 


Ring 


22 


3.5 


26.5 


-20.4 


0.30 


36±10% 


64±10% 


Diffuse 


3 


4.7 


28.9 


-21.0 


0.09 


67+27% 


33±27% 



Table 2. Median values of the host galaxies' diameter (in ar- 
cmin, from the RC3; col. 3), distance (in Mpc, from Tully 1988; 
col. 4), absolute magnitude (calculated using mg from the RC3 
and the distance; col. 5), and the gravitational bar strength 
(col. 6), for the overall sample and the different classes of nu- 
clear and circumnuclear emission (col. 1 ; the number of galax- 
ies in each category is shown in col. 2). The last two columns 
show the fractions of the different nuclear and circumnuclear 
Ha emission morphologies among those galaxies which have 
close companions (col. 6) and those which do not (col. 7), fol- 
lowing the criteria set out in Sect. 2. Uncertainties are 1 o" as 
determined from Poisson statistics. 



are classified as having weak nuclear Ha emission, and 18 as 
having no Ha emission at all. The circumnuclear Ha emission 
is patchy in more than half of our galaxies (39 out of 73), and 
in the form of a nuclear ring in 22. A further 9 galaxies show no 
circumnuclear Ha emission at all, and 3 have diffuse emission. 

Table |2] also lists the median values of a number of key 
host galaxy parameters for the overall sample and for the dif- 
ferent classes of nuclear and circumnuclear Ha emission. We 
have listed diameter, distance, absolute blue magnitude, and 
the bar's gravitational torque parameter Q^, or bar strength, for 
those galaxies where this value is given in the literature. The 
only trend worth noting for the nuclear Ha emission is that 
those galaxies without Ha emission from the nucleus are, in the 
median, further away than those with emission, which is easily 
understood as related to sensitivity and detection. Those galax- 
ies with strong Ha peaks in the nucleus are slightly brighter 
than others, but this may be a morphological type effect (see 
next section) and we will not discuss it in more detail. 

As for the circumnuclear Ha emission, Table|2]shows how 
the 12 galaxies without, or with diffuse. Ha emission are both 
larger in diameter and fainter than the others. Those with 
patchy Ha emission are, in the median, at smaller distances 
from us. Using 2b as an indicator, the galaxies with nuclear 
rings appear to have slightly stronger bars in the median, but 
a Kolmogorov-Smirnov (KS) test' shows that this difference is 
not statistically significant. 

' The Kolmogorov-Smimov test is a statistical test that describes 
the likelihood that two data sets have been drawn from the same parent 
distribution: a probability P < 0.05 is usually interpreted as describing 
two statistically distinct populations. 
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Fig. 2. Set of histograms showing the distribution of circumnu- 
clear Ha emission morphology with host galaxy type, the latter 
obtained from the RC3. 



We also list the percentages of galaxies in the different cate- 
gories which have nearby companions. Taking into account the 
numbers of galaxies in the different categories, the presence or 
absence of a close companion influences neither the nuclear, 
nor the circumnuclear Ha morphology. We will discuss this re- 
sult, and its implications, in more detail in Sect. 5.3. 

5.2. Morphological type of the host galaxy 
5.2.1. r-type 

Table 13 lists the distribution of the various classes of nuclear 
and circumnuclear morphology with spiral T-type, as obtained 
from the morphological classifications listed in the RC3 (the 
translation of T-type as used in the RC3 and more widely used 
descriptors of the type Sa, Sb, etc., is given in the header to 
Tablel^. These results are shown as histograms in Figs. 2 and 
3 for the circumnuclear and nuclear Ha morphology, respec- 
tively. The results confirm those presented by K05. The overall 
distribution of T-type for the sample shows a peak near types 
Sb and Sbc (T -3 and 4, see Table|3, a broad distribution rang- 
ing from SO to Sm, and a lack of galaxies of type Sdm. For 2 



Fig. 3. As Fig. 2, now for the distribution of nuclear Ha emis- 
sion morphology. 

galaxies, no T-type is given in the RC3. We reiterate that no 
attempts were made at the sample selection stage to achieve a 
specific type distribution. 

Galaxies with patchy circumnuclear Ha morphology tend 
to be of later types, and in fact there are only two galaxies of 
the 19 of type later than Sbc which are not classified as patchy 
(an Sc with no circumnuclear Ha, and an Scd with a ring). 
Ring-like morphology is preferentially found in earlier types, 
peaking at Sb and Sbc types. Galaxies with no circumnuclear 
Ha emission are also preferentially of early type, confirming 
the findings of K05. 

Not much can be deduced from the distribution of nuclear 
Ha morphology with morphological type of the host galaxy 
(Fig. 3) because of the relatively low numbers of galaxies with 
weak, or no, nuclear Ha emission, but the T-type of the host 
does not seem to correlate with the presence of relative strength 
of the nuclear Ha emission. 

5.2.2. Bars 

The distribution of Ha morphology has been tabulated 
(Table |3} for the various bar classifiers used in the RC3: SA, 
SX (often quoted as SAB), and SB, in Table |3] Five galaxies 
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11 (50) 
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1 
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Table 3. Morphological and bar type distribution of the various types of circumnuclear He emission. For the whole sample and 
for the nuclear and circumnuclear emission, col. 2 gives the total number of galaxies in each category (as described in col. 1), 
with the number of galaxies of each morphological type (from the RC3) in columns 3-13, and bar type (from the RC3) in columns 
14-17. In these four columns, the numbers in brackets are the percentages of the total. Note ' : see Sect. 5.5. 



have merely been classified as 'S' in the RC3 and are not con- 
sidered here. The distribution between SA, SX, and SB classes 
seen across the whole sample is closely mirrored in the sub- 
samples of different nuclear and circumnuclear He morphol- 
ogy. The numbers in the Table might appear to indicate a slight 
excess of SX galaxies among those with weak nuclear Ha, and 
a slight lack of SA galaxies among those with no nuclear emis- 
sion. Poisson statistics show that in either case the significance 
of this difference is at most Icr. Considering the same num- 
ber from the perspective of non-barred vs. barred galaxies, we 
see that 69%+12% of the non-barred (SA) vs. 58%+7% of the 
barred (SX-i-SB) galaxies has "strong" nuclear Ha emission, 
19%+10% vs. 13%+5% "weak", and 13%+8% vs. 27%+6% 
"none". Again, none of the differences are significant. 

The bar distribution in the galaxies in the different classes 
of circumnuclear emission mirror those in the overall sam- 
ple closely (the apparent deviations in the case of the three 
SA and two SX "none" galaxies are a Icr efifect). Table |3] 
shows explicitly how the percentages of barred and non-barred 
galaxies are rather stable for the different classes of morphol- 
ogy. Calculating the percentage of the different morphology 
classes for barred and non-barred galaxies, we see the same ef- 
fect, for instance, 50%+13% of non-barred (SA) galaxies have 
a patchy circumnuclear Ha morphology, versus 54%+7% of 
barred galaxies (SX-i-SB). These numbers are 19%+10% vs. 
10%+4% for "none"; and 25%+ll% vs. 35%+7% for "ring" 
(but see below). 

The galaxies hosting circumnuclear rings in Ha only show 
a rather moderate preference for SX and SB hosts, which at 
first sight may appear to be at odds with the findings of K05, 
who confirmed the standard picture that bars are almost exclu- 
sively responsible for the existence of nuclear rings. In fact, 
K05 pointed out that of the 12 nuclear ring hosts considered, 
only two have been originally classified as non-barred SA, but 
that each of those two has clear evidence from near-IR imag- 
ing for the existence of a bar. We will discuss the four SA-type 



nuclear ring host galaxies in the current sample in more detail 
in Sect. 5.5. 

5.3. Close companions 

In analysing the relations between our sample galaxies and 
whether or not they have nearby, relatively massive (as de- 
fined in Sect. 2 as not more than 3 mag fainter than the sample 
galaxy) companions, we consider two related sets of numbers: 
those describing how many galaxies in each of our nuclear and 
circumnuclear Ha morphology categories has a close compan- 
ion, and those describing the properties of the subsets of sample 
galaxies that either have, or do not have, a close companion. 
The result on the former, shown in Table |2 and akeady men- 
tioned in Sect. 5.1, is that we find no significant differences 
in the numbers of galaxies that have close companions among 
our different categories of nuclear and circumnuclear Ha mor- 
phology. This is surprising, because one might have expected 
close companions and/or interactions to lead to enhanced mas- 
sive star formation in, and thus Ha emission from, the nucleus, 
or nuclear rings (Knapen et al. 1995a; Buta & Combes 1996; 
Heller & Shlosman 1996; Knapen et al. 2004b). In fact, the 
only hint at such a general effect is the slightly lower fraction 
of galaxies with close companions among those with no cir- 
cumnuclear emission, but with two out of nine galaxies caus- 
ing the lower number in Table|5]we cannot call this deviation 
significant. We must conclude that neither the nuclear, nor the 
circumnuclear massive star formation morphology is at all af- 
fected by the presence of close companions. 

The results on the second test are summarised in Table |2 
which compares the properties of those galaxies that have a 
close companion with those that do not. Columns 3 and 4 show 
that within our sample the galaxies with close companions are 
further away, and smaller in angular diameter, than those with- 
out close companions. This is related to the fact that the median 
absolute magnitudes of the galaxies with close companions are 
brighter than those of the isolated galaxies, in the median by 
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Table 4. Median values of overall parameters of the interacting (see Sect. 2 for criteria) and non-interacting sample galaxies 
(sample sizes in col. 2), as well as the numbers and percentages (latter in parenthesis) of those galaxies in the different circumnu- 
clear (cols. 8-11) and nuclear (cols. 12-14) Ha morphology classes. Parameters are diameter (in arcmin, from the RC3; col. 3), 
distance (in Mpc, from TuUy 1988; col. 4), absolute magnitude (calculated using ms from the RC3 and the distance; col. 5), 
morphological type (from the RC3; col. 6), and the gravitational bar strength Q\, (col. 7). 



0.3 mag in Mb- It is plausible that the combination of these 
differences implies that galaxies with close companions are 
brighter, and therefore more likely to be included in our sample 
at higher distances. Galaxies with a close companion are, in the 
median, also of later morphological T-type than those without 
a close companion. We performed KS tests on these data sets, 
and found that whereas the difference in distance between the 
two sub-samples is significant (P = 0.029), none of the other 
differences are (D, Mb, T). 

Yet even though our "closely accompanied" galaxies are 
brighter, possibly because of enhanced star formation triggered 
by the interaction, the effects on the morphology of the cur- 
rent massive star formation in the nucleus and in the 2 kpc 
radius circumnuclear region are negligible. Table |3 confirms 
this by showing the same data as tabulated before in Tabled 
but now analysed as percentages of the different Ha morphol- 
ogy classes occurring in the sample galaxies with, and without, 
a close companions. The percentages are remarkably similar, 
confirming our overall conclusion that the presence of a close 
companion has no influence on the morphology of massive star 
formation in and around the centre. 

5.4. Starburst and AGN activity 

We have scanned the NED for nuclear activity classifications 
of our sample galaxies. As explained in K05, the information 
from NED may not be as reliable as a uniformly conducted 
spectroscopic survey, although K05 showed that this did not 
significantly alter their results. In addition, our sample includes 
galaxies at larger distances than those in K05. More galaxies 
may thus not have been checked for nuclear activity in detail, 
and will hence, by default, have no nuclear activity classifier 
in the NED. The results are tabulated in Table|5j which shows 
that of our 73 sample galaxies, 3 1 have been classified as AGN 
of some sort (we include Seyfert, LINER, and "AGN" types 
in this category), with another 5 galaxies classed as starburst 
using various nomenclature, including "H ii". 

The results, then, show two interesting features which are 
worth discussing here. The first is the significantly higher frac- 
tion of AGN which show strong nuclear Ha emission. Only a 
handful of galaxies, in fact, show weak or no nuclear Ha emis- 
sion. Any AGN should have Ha emission, but the absence in 
the few cases where we report it can be explained as a differ- 
ential extinction effect. We use the significantly redder /-band 
for the subtraction of the continuum from the relatively bluer 
Ha line, which in a dust-extincted environment wiU lead to sur- 



plus subtraction. This will lead to artificially reduced Ha cen- 
tral peaks. Galaxies classified as starbursts (or "Hii") but with 
"none" nuclear Ha emission may well suffer from the same 
effects. Another possibility is that the classification as AGN or 
starburst as given on the NED is in fact erroneous, but checking 
that is outside the scope of this paper 

The second interesting feature from Table|5]is the enhanced 
fraction of AGN among the nuclear ring host galaxies. Of the 
AGN, 42% have a ring, against 30% of the complete sample. 
Conversely, 59% of the ring galaxies have an AGN, versus 42% 
of the complete sample. K05 found a similar effect, but much 
more marked; there, almost all nuclear rings were accompanied 
by AGN or starburst activity. 

The ring-AGN connection occurs partly because both rings 
and AGN are most common among the early-type galaxies. Of 
our sample, 52 galaxies (71%) have T < 4 (Sbc), but 21 out 
of our 22 rings (95%) and 26 out of our 31 AGN (84%) are 
hosted by galaxies of such early types. This means that half of 
all r < 4 galaxies are AGN, and statistically 10.5 ring hosts 
will also host AGN. We concur with K05 in finding a higher 
number than this statistically expected one. As discussed in 
more detail by K05, the connection between rings and AGN 
is most likely to be through the availability and recent inflow 
of gas, which fuels both the massive star formation in the ring 
and nuclear activity. In this interpretation, the nuclear rings are 
merely a by-product of the gas inflow from the disk toward the 
very central region (Shlosman 2005). A fraction of the inflow- 
ing gas moves further inward, and is ultimately responsible for 
the AGN activity. 

5.5. Nuclear rings and their dynamical origin 

We identify 22 nuclear rings, three of which have not been re- 
ported in the literature so far (those in NGC 473, NGC 5953, 
and NGC 7716). These are star-forming nuclear rings, classi- 
fied as such purely on the basis of our Ha imaging. There may 
be a small number of additional rings which are, for instance, 
too small, or too dusty to be picked up by our imaging (the lat- 
ter category might well include NGC 1241, for which Boker et 
al. 1999 find a small nuclear ring in Paa which is absent from 
our Ha image). Of the 22 nuclear rings, Table[2shows that four 
occur in galaxies classed as unbarred (NGC 5953, NGC 6503, 
NGC 7217, and NGC 7742). In addition, NGC 278, although 
classified as SX in the RC3, does not in fact have a bar. Knapen 
et al. (2004b) made a detailed study of this galaxy, and found 
from an analysis of near-IR and optical ground-based images. 
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Total AGN Hii/SB non-AGN non- AON non-SB 
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Strong 
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3 
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None 
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4 


16 
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42 


37 
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39 


13 
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26 
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None 
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22 


13 
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9 
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3 



Table 5. Nuclear and circumnuclear Ha emission for different categories of nuclear activity, basically AGN (including LINER- 
type activity) and starburst. Column 2: total sample. Column 3: AGN, which includes all galaxies classified in NED as either 
Seyfert or LINER. Column 4: Hn/SB, all galaxies classified by NED as starburst or Hn (excluding those whose classification 
also includes a LINER or Seyfert which have been classed AGN). Column 5: All galaxies not classified as Seyfert or Liner. 
Column 6: as col. 5, but now also excluding the galaxies of col. 4. 



as well as of Hubble Space Telescope (HST) imaging, that there 
is no evidence at all for the presence of a bar. Radio 21 cm in- 
terferometry, however, showed that the outskirts of the galaxy 
have a severely irregular and disturbed morphology and kine- 
matics in H I, indicative of at least a minor merger event in the 
recent history of the galaxy. Knapen et al. (2004b) postulate 
that this minor merger lies at the origin of the massive star 
forming in the nuclear ring, rather than a bar as is more con- 
ventional for nuclear ring hosts. Considering that the favoured 
formation scenario of a nuclear ring is one where the ring 
forms in the vicinity of inner Lindblad resonances set up by 
a non-axisymmetry in the gravitational potential, due to, e.g., 
a bar or an interaction (see, e.g., Athanassoula 1992; Knapen 
et al. 1995b; Buta & Combes 1996; Heller & Shlosman 1996; 
Knapen et al. 2004b), it is instructive to scrutinise the four cases 
identified here of nuclear rings in supposedly non-barred galax- 
ies. 

- NGC 5953 (classed as SA but interacting): this galaxy 
forms part of a small interacting group of galaxies with 
NGC 5954 (visible in Fig. 1) and UGC 9902. Hernandez- 
Toledo et al.(2003) report the presence of a small (~ 60 pc) 
"bar-like central structure". As in the case of NGC 278, it 
is plausible that this interaction has led to the formation 
of the nuclear ring, and the disturbed and complex H i mor- 
phology and kinematics observed by Chengalur et al.(1994) 
lends support to this suggestion. 

- NGC 6503 (classed as SA but inclined): this galaxy is 
rather inclined (; = 70°) and it is thus very unlikely that 
any bar can be detected from optical or near-IR imaging 
- we postulate from statistical grounds only that this ring 
galaxy is most likely to be in fact barred. The H i veloc- 
ity field is regular (Shostak, Willis, & Crane 1981; van 
Moorsel & Wells 1985), but Bottema & Gerritsen (1997) 
find evidence for a separate kinematicaUy distinct nuclear 
component. We find no close companion. 

- NGC 7217 (classed as SA): this is a well-studied galaxy 
which in fact has three rings (e.g.. Combes et al. 2004 
and references therein). There is no evidence for a bar, but 
Merrifield & Kuijken (1994) reported the presence of the 



distinct counter-rotating disk population. Although this is 
evidence for a past merger history, its current gravitational 
effects are most probably Umited. The velocity field as seen 
from H I mapping is regular (Verdes-Montenegro, Bosma & 
Athanassoula 1995). Buta et al. (1995) and Combes et al. 
(2004) show that there is an oval distortion in this galaxy, 
which can explain the occurrence of its three rings (nuclear, 
inner, outer). This may well be an indicator of a historical, 
but now destroyed, bar. 
- NGC 7742 (classed as SA): This is another well-known 
ring galaxy, without any evidence for a bar or other 
asymmetry (Rix & Zaritsky 1995; Komreich, Haynes, & 
Lovelace 1998). No H i velocity field is available from the 
literature. De Zeeuw et al. (2002) describe, on the basis of 
SAURON integral field spectroscopy, that the gaseous ring 
counter-rotates with respect to the central stellar compo- 
nent. 

We thus summarise that of the four nuclear ring host galax- 
ies classified as SA in the RC3, one is interacting, and one is 
too inclined to allow us to see any bar it may have. The remain- 
ing two galaxies (NGC 7217 and NGC 7742) do not have a bar. 
NGC 7217 has an oval distortion, which is able to maintain the 
nuclear ring, as shown by simulations (Combes et al. 2004). It 
is possible that the nuclear ring was formed during a recent bar 
episode, of which the oval distortion is the retimant. This sce- 
nario is supported by the presence of three rings in this galaxy, 
at the right resonant locations. NGC 7742 has not been studied 
in nearly as much detail, has no evidence for an oval, but does 
have counter-rotating gas and stars in the nuclear region. 

NGC 278, although classified as SX in the RC3, does not 
have a bar, but does show clear evidence for a recent minor 
merger (Knapen et al. 2004b). We can thus conclude that none 
of the galaxies reported here challenges the standard scenario 
of nuclear ring formation to a significant degree. In this sce- 
nario, gas and ensuing massive SF accumulate near one or 
more inner Lindblad resonances, induced by an asymmetry in 
the gravitational potential of the host galaxy, in turn due to a 
bar or an interaction. Galaxies like NGC 278, NGC 7217, and 
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NGC 7742 which appear at first sight bar-less and isolated, re- 
main excellent test cases which warrant detailed studies. 

In Paper II, we will present a detailed discussion of the 
properties of the 22 nuclear rings, and of how these prop- 
erties relate to those of their host galaxies and of their host 
bars, where those exist. We will also discuss the identification 
and age determination of the individual H n region complexes 
or stellar clumps within the rings. We will also compare the 
observed azimuthal age gradients, or lack thereof, around the 
rings to dynamical models of ring formation. 

6. Conclusions 

We obtained a set of images in the B and / broad bands and in 
Haof a sample of 73 spiral galaxies. The data, obtained with 
the WHT and mostly at a spatial resolution of below an arc- 
sec, are presented here, along with a classification of the mor- 
phology of the nuclear and circumnuclear Ha emission. Most 
galaxies have relatively strongly peaked nuclear Ha emission, 
and patchy emission from the 2 kpc radius circumnuclear re- 
gion, the latter indicative of the presence of individual H i re- 
gions. We explore trends with host galaxy parameters, and con- 
firm that late-type galaxies have a patchy circumnuclear ap- 
pearance in Ha, and that nuclear rings occur primarily in spiral 
types Sa-Sbc. We identify a number of previously unknown nu- 
clear rings. Although we report a number of cases where a nu- 
clear ring is hosted by an unbarred galaxy, we confirm that nu- 
clear rings are predominantly hosted by barred galaxies. Bars 
thus stimulate nuclear rings, but do not influence the relative 
strength of the nuclear Ha peak, nor other aspects of the cir- 
cumnuclear Ha morphology. Even though our selection criteria 
led to an over-abundance of galaxies with close massive com- 
panions, the presence or absence of a close companion does not 
have any significant influence on the relative strength of the nu- 
clear Ha peak, nor on the Ha morphology around the nucleus. 
A more detailed description of the steUar populations and dy- 
namical origin of the nuclear rings described here will follow 
in Paper II. The images described here will be made available 
to the community. 
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Fig. 1. ***Figure consists of eight panels of thumbnail images, to be published electronically only*** Grey-scale representation 
of the /-band and continuum- subtracted Ha images of all sample galaxies, with the former shown on the left in each pair. The 
orientation is North up and East to the left, except for those cases where East and North are indicated in the upper right corner of 
the /-band image, and where the arrow points North. The scale is indicated for each galaxy by the length of the black line in the 
top left comer of the /-band image, which corresponds to 2 kpc. 
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